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EXPERIMENTAL  RESEARCH 

Holographic  Processing  of  Pulsed  Doppler  Radar 

by 

Chinese  Academy  of  Sciences,  Institute  of  Physics 
Optical  Information  Processing  Group 

I.  INTRODUCTION 

The  storage  and  reconstruction  of  an  electric  signal  is 

extremely  easy  using  modern  electronic  equipment  such  as  an 

oscilloscope  or  a  magnetic  tape  recorder.  Arm  and  King  used 

a  holographic  technique  to  optically  record  and  reconstruct  elec- 

( 2 ) 

trie  signals  and  attempted  to  process  radar  signals  using 

this  method.  It  may  appear  to  most  people  that  the  holographic 
method  is  far  more  complicated  than  electronic  techniques. 

However,  as  we  are  going  to  discuss  here,  the  holographic  tech¬ 
nique  has  many  advantages  over  other  methods,  including  two- 
dimensional  resolution  capability,  capacity,  speed,  and  simplicity 
in  instrumentation.  The  principle  of  this  holographic  technique 
is  schematically  shown  in  Figure  1. 


electric  signal  imput 


Figure  1. 


An  electrical  input  signal  is  converted  to  a  one-dimensional 


spatial  transmittance  function  by  an  ultrasonic  light  modulator 
(which  acts  as  a  moving  phase  coating).  The  modulated  light 
beam  carries  two  fringes  with  information  on  the  input  electric 
signal.  It  then  undergoes  a  Fourier  transform  to  the  back  focal 
plane  of  the  cylindrical  lens  and  forms  one  zero  order  and  two 
first  order  lines.  The  +1  order  fringes  are  symmetrical  with 
respect  to  the  zero  order  line.  It  is  then  possible  to  form  a 
Fourier  hologram  using  either  one  of  the  first  order  fringes  and 
a  plane  reference  beam  through  interference.  The  hologram  records 
and  stores  all  the  information  carried  by  the  electric  signal, 
including  frequency,  amplitude,  and  phase.  The  reconstruction 
of  the  electric  signal  can  be  achieved  using  a  reverse  Fourier 
transform.  The  reference  beam  is  generated  using  the  partial 
compensation  method  originally  proposed  by  Arm  and  King.  This 
method  uses  an  ultrasonic  light  modulator,  which  is  driven  with 
a  continuous  signal  in  the  reference  beam.  Therefore,  the  fre¬ 
quency  of  the  reference  beam  shifts  as  the  recording  of  the  fre¬ 
quency  of  the  electric  input  signal  is  completed.  This  arrange¬ 
ment  allows  a  steady  interference  pattern  over  longer  exposure 
time  for  the  hologram.  Consequently,  the  power  and  bandwidth 
requirements  of  the  laser  can  be  lowered. 

Pulse  Doppler  radar  emits  a  train  of  pulses  with  fixed  phase 
relation.  It  is  then  possible  to  detect  the  velocity  of  the 
target  based  on  the  phase  changes  of  the  return  signals.  The 
resolution  of  the  Doppler  radar,  of  course,  depends  on  the 
observation  time  of  the  target.  For  high  resolution,  it  re¬ 
quires  the  gathering  of  many  return  signals  which  can  be  easily 
processed  using  the  optical  technique.  Once  the  motion  of  the 
film  coincides  with  the  repetition  frequency  of  the  radar,  one 
can  record  the  holograms  of  the  return  signals  of  all  the  tar¬ 
gets.  These  holograms  still  contain  the  phase  relation  of  all 
the  return  signals  which,  upon  reconstruction  with  a  spherical 
lens,  provides  a  two-dimensional  capability  to  show  distance  and 
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velocity  of  the  targets.  Such  capabilities  are  still  not  pos¬ 
sible  using  modern  electronic  systems. 

This  paper  briefly  introduces  the  partial  compensation 
methods  originated  by  Arm  and  King  with  emphasis  on  the  theory 
of  the  two  dimensional  (distance  -  veloctiy)  capability  of  the 
radar  system.  It  also  shows  some  experimental  results  using 
simulated  signals.  Finally,  an  evaluation  and  a  projection  of 
the  role  of  optical  holographic  processing  methods  used  in 
pulsed  Doppler  radar  are  given. 

Theory 

1.  Fourier  Transform  Characteristics  (Thin  Lens) 


The  basic  principle  of  the  holographic  processing  technique 
is  based  on  the  following  Fourier  transform  which  describes  the 
optical  amplitude  distributions  at  the  front  and  back  focal 
planes  of  an  ideal  thin  lens 


/)  ~  A" j_./a  j_p/a  G fx,  idexp[-j  (xz'+yy')]<lxdy 


where  K'  is  a  constant,  K'  -  (j/FkL)e2i~*?'t  is  the  wave-¬ 

length,  F  is  the  focal  length.  Equation  (1)  Is  valid  only  when 
P  <<  F  and  P'  <<  F. 


If  a  cylindrical  lens  Is  used  instead  of  a  spherical  lens, 
then  the  two  dimensional  Fourier  transform  becomes  one-dimensional 

£(*')  «  G(x)exp  ( -  j *x')dx  (  2  ) 

1/2 

where  K  =  K'  ,  and  the  holographic  processing  system  is 
schematically  shown  in  Figure  2. 
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An  electric  signal  can  usually  be  expressed  as: 

v(t)  *=a(<)cos[w<+ 0(0]  (3) 

where  w  is  the  carrier  frequency,  0(t)  is  the  phase  factor, 
a(t )  is  the  envelope  of  reflected  amplitude  change.  The  IF 
frequency  of  the  ith  return  after  the  mixing  of  the  pulsed 
Doppler  returns  can  be  expressed  as: 

•»(*)  =^oaT[<— (i-l)T]cos[(w#+Wi)«— w,(i  — 1)7’]  (4) 

where  aT  -  wq  -  phase  factor,  coQ  -  IF  frequency 

^d  -  Doppler  shift  due  to  target  movement 

wd  -  — —  6>0,  V  -  target  radial  velocity 

u0  -  carrier  frequency  of  radar  signal 

T  -  period  of  radar  scanning 

K  -  constant 

o 

The  above  equation  does  not  contain  any  second  or  higher 
order  terms.  The  terms  (oj o  and  a>^)  and  (i-l)T  represent  the 
Doppler  shift  in  frequency  and  phase  of  the  return  signals, 
respectively.  This  indicates  that  a  moving  target  not  only 
causes  a  frequency  shift  but  also  a  phase  change. 
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For  convenience,  the  return  signal  can  be  expressed  in  com¬ 
plex  number  „,(<)  +v'u(t) 

v, .it)  k,"  a.tt-(i-l:T]vxp{jUc^+t^)t-o,Ji-l)T]} 

( 5 ) 

where  t- 

O  -  -  a f  [J  -  ( i  - 1 )  7'] os  p{  -  it  u.*  + ud)  t -u>d( i  - 1 ) 7'J  > 

They  represent  the  two  fringes  of  vL  ( t ) ,  ,  and  *  represents  the 
complex  conjugate. 

3 .  Ultrasonic  Light  Modulator 

When  an  electric  signal  v(t)  =  a(t)  cos  [cot  +  0(t)]  is 

received  by  the  transducer  of  an  ultrasonic  light  modulator, 

s 

a  pressure  wave  travelling  at  the  speed  of  sound^  is  produced  in 
the  delay  medium.  According  to  Debye  effect,  the  index  of 
refraction  of  this  medium  changes  as  the  pressure  wave  propagates 
which  leads  to  a  phase  change  of  the  light  beam  passing  through 
such  a  medium.  The  changes  are  proportional  to  the  input  elec¬ 
tric  signal. 

*(*,  0  -*0‘ =  *>(< ~f) 


where  Kg  is  the  proportionally  constant,  is  the  phase  trans¬ 
ition  of  the  medium  in  the  absence  of  the  pressure  wave  where 
♦  (x,t)  is  the  phase  transition  as  the  pressure  wave  propagates. 


The  transmittance  of  a  transparent  medium  T(x)  =■  1,  .  An 

ultrasonic  light  modulator  can  be  considered  as  a  phase  modulator 
with  transmittance  function  Te(x,  ty  ^expj^(x,  t)  or 


T,(x,  <)  =.F(*)expj [(/)„+£>  (<_y)] 


(6) 


where  F ( jc )  is  defined  as  the  spatial  pulse  function  (along  x- 
direction) 

0  when  I®!  >  JL  p 


1  whenjuj  <JL  i> 
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where  P  is  the  optical  path  alonr.  *  direction,  P/a  is  the  storage 
time  of  the  ultrasonic  light  modulator. 

Under  normal  conditions,  to  alleviate  non-linear  effects,  it 
is  usually  operated  under  very  little  pressure.  In  this  case, 

IvV' (<---)  Is  small  and 

expjK.i'(t--j)  sl+jif ) 


The  transmittance  of  the  ultrasonic  light  modulator  can  be 
written  as: 


Tc(x,  t )  =F(x)expjiJio+j.F((t)K,v^t-~'jMpjipo 


(7) 


The  optical  amplitude  after  spatial  modulation  is: 


G(x,  t)  =  G,T,(x,  t)=GrF(x)expj<Po+G,jF(x)K,v(t~~^expj<Po 


(8) 


In  (8),  Gp  Is  the  plane  wave  front.  The  first  term  is  a  constant, 
representing  the  fixed  optical  phase  shift  due  to  the  modulator, 
or  zero  order  light.  The  second  term  contains  the  electric  sig¬ 
nal  v(0  and  can  be  expressed  as 


plane 

wave  front  f- 

Of 


sound  absorbing  materials 

‘fa, 

p,s 


Y 


pa 


phase 

wave  front 

exp;^(,,D 


converter  4  input  signal 


Figure  3 


«’j  (<_y)  and  l'"(f  ’j)  are  t^ie  twn  fringes.  The  ultrasonic 
light  modulator  can  be  considered  as  a  phase  grating  moving  at 
speed  s.  A  light  beam  forms  two  first  order  fringes,  when  passing 
through  the  grating,  corresponding  to  and 

.  Fourier  Frequency  Spectral  Analysis  of  G  Cx»  t ) 


It  is  possible  to  use  Fourier  transform  characteristics  of 
the  lens  to  obtain  the  one-dimensional  spatial  frequency  spectrum 
B(x',  t )  of  U(x,  0  at  the  back  focal  plane  by  placing  the  ultra¬ 
sonic  light  modulator  at  the  front  focus  of  the  lens: 

B(x',  t)exVj(--^xx')dx  ^ 

As  discussed  earlier,  B(-e\  0  contains  one  zero  order  and 
two  first  order  spectral  lines  corresponding  to  the  zero  order  and 
two  first  order  waveforms  of  U{x,  0  and  the  electric  signal  is  only 
carried  by  the  it  lines . 


Let's  consider  one  of  the  first  order  fringes.  Its  optical 
amplitude  can  be  expressed  as: 


„-*.£>(<  -f  )“p 

where  Kik  =  jKQ,l'\x)K,oxvi'i>a,  a  constant  and 

/  x  ^ 

is  one  of  the  fringes  of  v^t — 


(10) 


Considering  that  the  recording  time  is  far  less  than  the 
storage  time  of  the  ultrasonic  light  modulator; 

Bi (e\  0  -  (  n  ) 

where 

/t(^0)e\p[j</'(*',Q)]  "  ,a  Vl{~  y)  exP  xx')dx  (12) 
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is  the  amplitude  arid  phase  of  the  first  order  spectral  line. 

From  (11)  we  notice  that  the  amplitude  of  the  first  order  spec¬ 
tral  line  is  independent  of  time  with  the  exception  of  a  factor 
exp *  This  time  factor  shifts  the  light  frequency 
with  amplitude  -d(*\  0)  by  *'*  (Hz)  as  %'  changes. 

5 .  Holographic Recording  Using  a  Partial  Compensation 
Method 

Arm  and  Kind  proposed  the  use  of  a  partially  compensating 
method  to  alleviate  the  instability  of  the  interference  pattern 
of  a  hologram  due  to  the  time  dependent  factor 

It  actually  involved  the  use  of  an  ultrasonic  light  modulator 
driven  by  a  continuous  signal  in  the  reference  beam.  It  caused 
a  frequency  shift  of  wo/2tt  in  the  plane  reference  beam  and  is 
the  median  frequency  of  the  return  signal.  The  reference  beam 
can  then  be  written: 

■R(*\  0=i*oexpj^y^sinas'  jexp[;«ot]  (13) 

where  Rq  is  a  constant  and  it  represents  the  amplitude  of  the 
reference  beam.  The  first  exponent  indicates  that  the  plane  wave 
is  incident  upon  the  hologram  at  an  angle  ct  .  The  second  exponent 
shows  that  the  plan  wave  has  a  time  dependent  phase  factor  to 
compensate  for  the  time-dependent  factor  in  Bx(x',  i) 

The  intensity  distribution  of  the  two  interferring  light 
beams  can  be  expressed  as:  I(x',  t)  *- \R(x\  t)+Bi.(x',  t)l* 

~B&  +  '2R9KlA&,  0)cos[2* (-£-)-*(**,  0) +  (I1*) 

where  A,-Xt,/sino  is  the  carrier  wavelength  of  the  interference 
pattern.  For  linear  recording  results,  it  is  already  assumed  in 
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the  above  e  :u->i  Inn  that  [AVK^,  0)]J,  i.e.  the  reference 
beam  In  far  more  intense  than  the  signal  beam. 


The  total  exposure  of  the  film  is 

k'(x')  -  P''*  I(x\  t)dt 

J  -7VJ 


(15) 


where  Tq  is  the  exposure  time. 


sin  (/y-V«Ju4-  r  /  '\  n) 

E{x)  -  T0  { R-  +2RU  l\  ,  A(x‘,  0) - )r^-LL—Sir.  >_  .  C03  f  o*  ( f ) 0)1  :■ 

T^E-')  •  U,/  ^ 


(16) 


Prom  equation  (16),  the  film  exposure  decreases  according  to  a 
sin  u/u  relation  after  partial  compensation.  At  median  frequency 
uq/2it  s  the  interference  pattern  is  absolutely  stable  due  to  the 
perfrect  match  between  the  signal  beam  and  the  reference  beam. 
However,  a  loss  in  exposure  due  to  the  mismatch  of  the  reference 
frequency  at  x'  away  from  the  median  frequency  will  appear.  If 
the  median  frequency  of  the  input  signal  is  w0/2tt  and  the  band¬ 
width  is  B  ,  the  largest  exposure  loss  factor  is 
s 


When  T0<2Bs  the  distortion  becomes  small.  Therefore,  the  maxi¬ 
mem  value  of  Tq  depends  on  Bg  as  well  as  the  resolution  required. 


6 .  Holographic  Recording  of  N  Radar  Return  Signals 

Equation  (16)  represents  the  hologram  of  a  single  radar 
return  signal.  If  the  film  moves  in  the  spectrum  line  direction 
(y*  direction  as  shown  in  Figure  on  the  (x,  y)  plane,  it  is 
possible  to  record  multiple  holograms  of  radar  returns  and  the 
combined  holograms  can  be  expressed  as; 

E{x\  y')  W) 
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Figure  4 
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where  £<(*')  is  the  holographic  expression  of  the  i  return 
signal  and  F.(y’)  is  defined  as  a  pulse  function  in  the  y' 
direction  as: 

!1  i(i  —  1)  +m 


where  l  is  the  space  between  holograms  and  m  is  the  width  of 
the  hologram. 


Plugging  (16)  into  (17),  we  get  the  exposure  of  holograms: 

E(x',  y1)  =<'tJk  +  '2L'(1K1A,(x',  0). 

’ 009  [2?r  (77)  -  *  (*'<>)  ]  j  ■ •  ■ F,  ( y ’) 


r  2nx't  I 

sun  (-2-J 

'["•“T-vlTJ 

/  To  \/ 

L?.tx'ji  \ 

FkTJ 

(18) 


7 •  The  Reconstruction  of  the  Combined  Hologram 

As  shown  schematically  in  Figure  5  the  reconstruction  of 
the  hologram  can  be  accomplished  by  placing  the  combined  holo¬ 

gram  at  the  front  focal  plane  of  a  spherical  lens  using  an  opti- 
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cal  slit  (along  y')  as  the  control.  Upon  illumination  by  plane 
light,  the  two  dimensional  display  of  target,  distance-velocity 
can  be  obtained  at  the  back  focal  plane. 


Figure  5. 


Reconstruction  Scheme 


For  ease  of  calculation,  equation  (18)  is  simplified.  The 
factor  sin  u/u  is  caused  by  the  partial  compensation  which 
reflects  the  loss  in  intensity  of  the  interference  pattern  of 
the  hologram.  It  does  not  affect  the  principle  of  two  dimen¬ 
sional  display  of  signals.  Therefore,  this  factor  is  going  to 
be  dropped  from  the  following  reasoning  and  equation  (18)  can  be 
rewritten  as 


Mix',  y')  ~'gr0{si+-2R0KiAl(x',  0) cos [2*  (-0 0)]}l'\(y) 


(19) 


Assuming  that  the  film  remains  in  the  linear  region  of  the 
H-D  curve,  then  the  transmittance  of  the  hologram  is  proportional 
to  the  exposure  E1  {x  ,y').  Now  that  a  plane  wave  G’p  is  used 
to  reconstruct  the  signal,  then  the  optical  amplitude  2?r(s’,  y) 
of  light  transmitted  through  the  hologram  is  ~  y') 


L'T{x',  y')  -  +  A  Ax’,  0)cos  [2*  (-£-)-&  (*',  0)]}F.(y') 


(20) 
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are  constants. 


where  K  =  T  C I’  R 
2  o  p  o 


2?J;  K_=T  R  K%g' 
3  o  o  1  p 


The  two  dimensional  Fourier  transform  with  a  spherical  lens 
results  in  the  following  optical  amplitude  distribution  on  the 
back  focal  plane: 


b(x",  y")  -  A'j.W  ^  _  A'r(*',  Jf*)exp[— i-^^-(*V'  +  yy’) 


where  ^  is  the  wavelength  of  the  reconstruction  light,  F’  is 
the  focal  length  of  the  spherical  lens,  Q  and  Q'  are  the 
coordinates  of  the  combined  hologram  on  the  *'  ,  y1  axes.  (see 
Figure  5). 


Putting  E,-, (s’,  y')  into  the  above  equation  we  get  the 
three  intensity  terms: 

!(*",  y")  =  \B(x",  y")  \*  =  I0(as",  y‘')+l*(x",  y")+l- »(*”,  y") 

where 


(21) 

(22) 


Here  K^  KKt(F'X'Ly,  J9(x",  y1')  is  the  intensity  of  the 

zero  order  light  spot  which  does  not  carry  any  signal  and  it 
appears  at  x"  =if  =0 . 


The  second  term  I+^(*">y")  is  one  of  the  information 
carrying  fringes: 


(2ny"  m \* 
am  -y7tr-»r-  ' 
— 


\ 


F’k'L 


1 Bin  -2‘l 

\einA| 

(23) 


where  K^KaKK3lLFB  is  a  constant. 
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Prom  equation  (23)  one  can  see  that  B^(x",  y")  is  propor¬ 
tional  to  the  envelope  of  v.?  (t  ).  The  only  difference  is  that 

X  o 

the  origin  has  shifted  by  a  distance  d. 

Since  4  =  FX i.  is  the  magnifying  factor 

which  equals  to  1  when  the  same  wavelength  is  used  in  reconstruction 
and  recording  of  the  signals  and  the  same  focal  length  spherical 
and  cylindrical  lenses  are  used  in  the  process.  In  this  case: 

FkJFlL- 1,  = 

The  distance  d  from  the  origin  is  totally  dependent  on 
the  angle  of  incidence  of  the  reference  beam: 

d(=F'Xi,ama  Xt) 

Similarly  we  can  dervie  that  I  1  (x"  ,y”)  is  the  other  infor¬ 
mation  carrying  fringe  in  equation  (20)  which  can  be  expressed  as: 


i V")  ~\B y")\ * 


(.  2.71/"  m\»r  .  N/  _  2*  All 

ft  I 


where  (u-~ which  indicates  that  the  origin  has 
t  Kl  \  s  ) 

shifted  by  -d.  B_1(x",  y")  is  also  found  to  be  proporation  to 

the  envelope  of  (CH'i.  • 
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8 .  Di  sc  us  sion  on  _L  ho  Characteristics  o  f  the  Two 
Dimensional  Display  of  Dlatnnno  and  Velocity 

(1)  Two  symmetrical  images  (I  +  1  and  I  ^ )  appear  in  the 
reconstruction,  each  shifts  by  d  (or  -d)  from  the  origin. 

(2)  Both  I+1and  I_^  are  proportion  to  a'('T')’  *  i.e. 

the  intensity  of  the  reconstructed  image  is  proportional  to  the 
square  of  the  amplitude  envelope  of  the  input  signal.  This  pro¬ 
perty  can  be  used  to  obtain  signals  from  targets  under  rotation. 

(3)  Because  the  x"  coordinate  on  the  display  plane  is  pro¬ 
portional  to  the  coordinate  of  the  input  electric  signal  in  the 
ultrasonic  light  modulator  (i.e.,  proportional  to  the  delay  time 
of  the  targets),  it  is  then  possible  to  obtain  the  relative  dis¬ 
tance  of  the  target  in  the  x"  direction. 

(4)  Both  equations  (23)  and  (24)  contain  the  factor 

(~siuu~)*  5  Wh6re  U  =  1/2  (±C0<T~1 ^FrV"1)9  Zt  ls  wel1  known 

that  (  sinu~)  has  ^°^l°winS  special  characteristics: 

when  [i]  u-^Jcjc  ,  i  0,  ±1,  ±2.  ... 

lim(— V 
»-ur\  sm  u  / 

[ii]  when  sinu^O,  ainA/u^O 

Minimum  occurs  at  Nu=x,  2n,  •••(iV-l>»,(iV.+  l>r 

Prom  [i]  we  know  that  the  reconstructed  images  have 
maximum  intensities  at 


maximum  occurs 


minimum  occurs 


(25) 
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where  (  +  )  signs  signify  that  the  maxima  of  Ij(x”  ,y")  and  I  ^ 
(x",  y")  are  moving  along  the  +y"  and  -y"  directions  with  dis¬ 
tance  proportional  to  the  Doppler  frequency  {\\z) 

From  (25)  it  can  be  understood  that  corresponding  to  one 
target  velocity  (or  a  Doppler  frequency)  y"  has  more  than  one 
value  due  to  the  presence  of  k.  This  is  the  cause  of  lack  of 
clarity  in  velocity  signals  of  a  radar  which  is  intrinsic  to 
the  radar  system  and  still  exists  in  the  optical  processing 
stage. 

Based  on  [i],  the  lack  of  clarity  should  be  the  same  and 

2 

it  should  be  proportional  to  N  .  However,  due  to  the  presence 

of  the  factor  [(sin2«y"/  jrk'L»m/2)  •2ny"/F'X'L']a  in  equations 

(23)and  (2*0,  the  corresponding  intensity  with  each  k  value 

2  2 

decreases  along  the  y"  direction  according  to  (m/2)  (sinW/W) 
and 


W~2ny"/rh'L"m/2 


which  is  determined  by  the  width  of  each  single  hologram. 


We  also  noted  that  the  reconstructed  signal  of  the  combined 

p 

hologram  at  W=0  is  N  times  more  intense  than  that  of  a  single 
hologram.  This  shows  that  multiple  signals  can  drastically 
improve  the  signal  to  noise  ratio  using  this  holographic  pro¬ 
cessing  technique. 


From  property  [ii]  we  may  conclude  that  the  first  location 
for  sin  Nu/sinu  to  be  zero  determines  the  width  of  the  spectrum 
line.  It  is  then  possible  to  define  the  resolution  of  the 
Doppler  frequency  -  velocity.  Its  first  zero  occurs  at  Nu  =  71 

i.e. 
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Therefore 


(26) 


Plu- 


'  M 


Jv„ 


where  Ay"m^n  is  the  spectrum  line  width  or  velocity  resolution 
unit.  For  example,  when  x'L  -  0<M.  I^120u,  F-  400  N  -  60, 

Ji/Li,  0.04  or  the  spectrum  line  width  is  0.04  mm  in  the  y"  direc¬ 
tion  . 


;ging  equation  (26)^into  (25)  we  get 


/ 


duno 


l  j^/mto 

■j-'IT  T 


where  fjmin  is  the  smallest  unit  of  Doppler  frequency  resolvable 
in  Hertz  which  is  the  same  as  the  velocity  resolution  unit  used 
in  radar  systems.  For  example,  when  N  =  50  and  T  =  200  msec 
(corresponding  to  a  repetition  frequency  f  =  1/T  =  500  Hz), 

fdmin  "  10  Hz- 


III.  Experiments  and  Results 

The  experimental  set  up  of  the  holograms  recording  experi¬ 
ments  is  schematically  shown  in  Figure  6.  The  pulse  light  from 
the  laser  is  split  into  two  beams.  One  shines  directly  on 
the  reference  beam  ultrasonic  light  modulator  and  the  other  goes 
through  a  Fourier  transform  using  a  400  mm  focal  length  cylindri¬ 
cal  lens.  Interference  occurs  between  the  reference  beam  and 
the  first  order  fringe  and  the  hologram  is  recorded  using  a 
camera.  The  combined  hologram  is  obtained  by  waving  the  film 
along  the  spectrum  lines. 
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Figure  6. 
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Light  Source 


A  pulse  Xe  laser  at  wavelength  5352. 9A  (which  is  suitable 
for  the  spectral  response  of  the  film)  and  bandwidth  0.5  usee 
is  used.  Under  partial  compensation  conditions,  it  is  capable 

Ip 

of  recording  signals  10  Hz  wide.  The  relevant  length  is  a 
few  centimeters.  The  operating  voltage  is  10  w  20  Kv  with 
current  pulses  at  ~  1000  A. 


2 .  Ultrasonic  Light  Modulator 

The  energy  converter  is  made  with  X  quartz  crystal,  89  ym 

12 

in  thickness  with  a  frequency  at  30.3  x  10  Hz.  The  electrode 

2  *  2 
area  is  20  x  5  mm  for  the  signal  modulator  and  30  x  3  mm  for 

the  reference  beam  modulator.  The  delay  medium  is  water  in 

which  the  speed  of  sound  ■?=  1.5  x  10^  cm/sec.  The  optical 

aperture  of  the  signal  modulator  is  3  cm  with  storage  time  20  usee 

which  corresponds  to  a  storage  air  space  of  6000  m.  The  band- 

12 

width  of  the  ultrasonic  light  modulator  is  2  x  10  Hz.  The 
signal  modulator  uses  Debye  diffraction,  i.e.  incident  beam  is 
parallel  to  the  ultrasonic  wave.  The  reference  beam  modulator 
is  driven  by  continuous  pulse  signals  using  Bragg  diffraction, 
which  concentrates  the  diffracted  beam  on  one  spectral  line  to 
assure  that  the  reference  beam  is  always  more  intense  than  the 
signal  beam. 


3 .  Generating  of  the  Reference  Beam 


The  reference  beam  after  passing  through  two  short  focal 
length  cylindrical  lenses  is  incident  on  the  film  at  an  angle  in 
the  form  of  a  parallel  beam.  It  has  the  same  frequency  as  the 
signal  beam. 


Signal  Source 


Target  signals  and  reference  signals  are  generated  by 
crystal  oscillation.  They  are  then  amplified  and  sent  to  the 
energy  converter.  The  target  signal  is  generated  by  three  crys¬ 
tals  using  their  intrinsic  frequency  difference  as  the  Doppler 
frequency.  Four  oscillating  signals  are  generated  by  the  pulse 
modulator  with  two  signals  of  same  frequency  to  simulate  identi¬ 
cal  target  velocity.  The  total  length  of  the  four  signals  is 
<  20  pm  with  pulsing  time  ^  1  usee.  Upon  receiving  the  four 
signals  into  the  modulator,  a  feedback  pulse  is  synchronized 
with  the  laser  pulses.  The  repetition  frequency  is  500  Hz. 


Recording  Medium  and  Driving  Device 


The  recording  medium  is  35  mm  film.  Its  resolution  is 
approximately  200  lines/mm.  In  order  to  ensure  a  reasonable 
resolution  >>.„  ,  the  incidence  angle  Is  kept  at  less  than  7° 

for  XL  =  0.5  pm  light  a(;=sina  =  X,.A,)  . 

The  film  is  loaded  Inside  the  camera  with  its  cam  driven 
by  an  electric  motor  at  0.16  rpm.  There  is  a  120  u  distance 
immediately  next  to  the  surface  of  the  film  (which  is  the  width  of 
the  hologram).  Each  hologram  Is  less  than  5mm  long.  The  results 
of  the  simulated  signal  experiments  are  shown  in  Figure  7  which 
displays  the  distance-velocity  relationship  of  four  targets  in 
a  two  dimensional  manner.  Two  of  the  targets  have  the  same 
velocity.  it  is  evident  by  the  multiple  display  of  target  sig- 
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nals  alone  the  y"  axis  in  Figure  7.  This  is  due  to  the  lack  of 
clarity  discussed  before.  The  spacing:  corresponds  to  the  repe¬ 
tition  fren ,  i.e.  500  Hz. 


distance 

Figure  7.  Two  Dimensional  Distance-Velocity  Displays  of  ^  targets. 

IV  Discussion 

The  processing  of  too  dimensional  distance-velocity  signals 
for  multiple  targets  is  becoming  an  important  topic  in  modern 
radar  system  development.  The  electronic  systems  used  to  date 
(including  computers)  can  only  process  one  variable.  Computers 
with  parallel  processing  capabilities  are  still  under  develop¬ 
ment.  Therefore,  because  of  the  limitation  imposed  by  capacity 
and  speed,  complicated  instruments  are  needed  to  realize  the 
two  dimensional  processing  of  sirnals  using  methods  which  in 
principle  are  feasible.  Holographic  processing  techniques  appear 
to  be  far  more  attractive  than  those  electronic  methods  based  on 
capacity,  speed,  and  capital  equipment  considerations. 

This  paper  Introduced  the  principles  and  experimental 
results  of  this  holographic  processing  technique.  It  is  our 
opinion  that  this  technique  has  still  a  lot  more  potential  to  be 
further  developed.  For  example  its  method  is  capable  of  process¬ 
ing  pulse  coded  radar  signals.  This  code  design  contains  a 
function  which  is  capable  of  increasing  the  clarity  problem  due 
to  velocity.  Based  on  this  technique,  the  radar  emits  a  series 
of  coded  pulse  signal  and  the  hologram  of  the  returns  is  recorded 
using  the  ultrasonic  light  modulator.  The  difference  is  that 
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the  holograms  are  no  longer  spaced  equally  by  |  (Tee  Figure  4). 
Instead,  the  1  1  hologram  Is  located  1.  =  t.°  u  away  from  the 

*  i.  V. 

first  one;  when  t*  in  the  time  at  which  the  ir  pulse  is  trans¬ 
mitted  and  u  is  the  linear  velocity  of  the  film.  Therefore,  the 
combined  holocram  is  formed  by  these  coded  holograms.  The  light 
intensity  distribution  I(y")  can  then  be  expressed  as: 

(27) 

(28) 

where  t°  is  the  time  at  which  the  series  of  pulses  is  trans- 

n 

mitted.  The  maximum  of  2o(y")  is  located  at: 


I(y") 


m  „ 

9in5r  yw* 


-T.V 


‘V0(y") 


\  r*.  i. 

I  I* 

y  )  =-■  i  * Ai 


3/oiai  - 


rx.'L_  f  _  f'a'l 

u  Ji  i  ~ 


CO,,T_ 

2x 


(29) 


which  is  proportional  to  the  Doppler  frequency^  similar  to  what 
we  found  for  equally  spaced  pulses  as  shown  by  (25).  It  is 
necessary  to  choose  a  suitable  t°  (N=l  -  50)  value  to  make 

ft 

the  I(y")  distribution  appear  like  a  thumb-tag  shape  with  a 
maximum  at  y"  =  y"max,  proportional  to  the  Doppler  frequency, 
to  alleviate  our  velocity  smearing  problem  without  affecting 
the  detection  of  velocity. 


We  designed  several  groups  of  coded  pulse  series  and  each 
contained  50  pulses.  Table  1  shows  one  of  the  series  studies. 
The  pulses  are  separated  by  2  -  20  msec  with  accuracy  within  0.1 
msec.  The  average  space  between  pulses  is  6-7  msec.'  Figure  8 
shows  the  optical  intensity  distribution  along  the  y"  axis  when 
fd  *  100  and  300  Hz  using  an  electronic  computer  to  carry  out 
the  calculation.  It  is  clearly  demonstrated  that  the  holo¬ 
graphic  processing  of  coded  pulse  signals  Is  feasible. 
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Table  1.  A  Series  of  50  Coded  Pulses 
(each  pulse  begins  at  tj  (sec.)) 
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6 
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33 
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8 
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47 
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1(1 

0.1  010 

23 

0.1533 

36 

0.2580 

49 
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11 

0.0631 

24 
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37 
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50 
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12 

0.iXH2 

25 

0.1657 

38 

3i» 

0.2737 

13 

0.0710 

26 

0 . ’ nOfl 

0.2804 

Finally  we  must  point  out  that  although  we  limited  our  dis¬ 
cussions  to  the  processing  of  electrical  radar  signals  using  thi 
holographic  technique,  this  two  dimensional  display  method  may 
be  applied  to  analyze  data  obtained  in  geological  survey  and 
sonar  systems. 
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Figure  8. 
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